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Abstract We study the detailed 3‐D crustal and upper mantle structure beneath the active Changbai
intraplate volcano in Northeast China by conducting a trans‐dimensional Bayesian inversion of
teleseismic receiver functions and Rayleigh‐wave group velocity dispersions from ambient noise. More than
12,000 teleseismic receiver functions recorded at 78 seismic stations and 1,573 group velocity dispersions are
used in this study. Receiver‐function H‐κ stacking measurements reveal a thick crust (~40 km) with a
high Vp/Vs ratio (~1.8) beneath the Changbai volcano. Our joint inversion results show a heterogeneous
crustal structure in the study region. A low‐velocity body at depths of 8–15 km is revealed directly
beneath the Changbai volcano, which has a lateral extent of ~100 km in the north–south direction and may
reflect a large magma chamber in the midcrust. Our results also reveal a 5–10 km depressed Moho and a
low‐velocity anomaly in the uppermost mantle beneath the Changbai volcano. These features may indicate
an upwelling channel of the asthenospheric material with a highmafic composition, and the mafic intrusion
attaches to the bottom of the crust and thus deepens the Moho beneath the volcano. Our results support
the notion that the Changbai volcanism is caused by hot andwetmantle upwelling associatedwith subduction‐
driven corner flow in the big mantle wedge above the stagnant Pacific slab in the mantle transition zone.
1. Introduction
Several active Cenozoic volcanoes exist in NE China (Figure 1). The Changbai volcano is located at the bor-
der between China and North Korea, which is the largest intraplate volcano in NE Asia (Liu, 1999; Liu,
2000). The Longgang and Jingpohu volcanoes are located to the west and northeast of the Changbai volcano,
respectively. The Songliao Basin exists in the northwestern part of the study region (Figure 1a). The
Changbai volcano has erupted many times in the history; its violent Millennium eruption occurred around
the mid‐10th century, and its last small‐scale eruption took place in AD 1903 (Simkin & Siebert, 1994; Xu
et al., 2012). During 2002–2005, strong magmatic disturbances were observed at the Changbai volcano,
which are deemed to be a signal that the volcano has entered a new potential eruption period (Sun
et al., 2017; Xu et al., 2012). To understand the origin of the intraplate volcanism and predict its potential
eruption, many researchers have investigated the Changbai volcano using various geochemical and geo-
physical methods (e.g., Ai et al., 2003; Basu et al., 1991; Fan et al., 1999; Kim et al., 2017; Li & Yuan,
2003; Tang, 1998; Tang et al., 2001; Tian et al., 2016; Zhao et al., 2004, 2007; Zhao & Tian, 2013).
However, the processes of its magmatic evolution, storage, and potential dangers are still not very clear.
It is crucial to obtain a new and high‐resolution three‐dimensional (3‐D) structural model beneath the
Changbai volcano and its adjacent areas.
Previous studies have shown that the Changbai volcanism has a close association with the subducting Pacific
slab (e.g., Lei & Zhao, 2005; Tang et al., 2014; Tian et al., 2016; Zhao et al., 2004, 2007; Zhao & Tian, 2013).
The Pacific plate started its subduction at the Japan trench and arrived at the mantle transition zone (MTZ)
beneath the Changbai volcano in the Jurassic (Bird, 2003; Li & Li, 2007; Maruyama et al., 1997). Both global
and regional body‐wave tomographies have revealed the high‐velocity (high‐V) Pacific slab in the MTZ
beneath the Changbai volcano, whereas a low‐velocity (low‐V) anomaly exists in the upper mantle above
the 410‐km discontinuity (e.g., Chen et al., 2017; Fukao et al., 1992; Huang & Zhao, 2006; Liu et al., 2017;
Ma et al., 2018; Tang et al., 2014; Wei et al., 2015; Zhao, 2004; Zhao & Tian, 2013). A big mantle wedge
(BMW)model has been proposed to explain the origin of the Changbai intraplate volcanism, suggesting that
a BMW has formed in the upper mantle and the upper MTZ above the stagnant Pacific slab, and the
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Figure 1. (a) Map showing the surface topography andmajor tectonic features of the study area, as well as seismic stations
used in this study (small triangles). The red box in the inset map shows the location of the present study area. The big red
triangles denote four intraplate volcanoes in NE China. The white solid line and dashed lines show depth contours
(500–575 km) of the upper boundary of the subducting Pacific slab (Zhao & Tian, 2013). The gray line denotes the
boundary of the Songliao Basin and TLFZ (Tan‐Lu Fault Zone). The colored small triangles denote seismic stations that
are used in the analysis of receiver‐function stacking. The purple triangles denote 27 portable seismic stations deployed by
Jilin University; the black triangles denote permanent seismic stations operated by the China Earthquake
Administration; and the blue triangles denote portable seismic stations of the NECESSArray. The three purple squares
denote seismic stations CBN04, CBN06, and CBN08 that are mentioned in the text. (b) The same as (a) but showing the 74
stations which are used in the ambient‐noise analysis (see the text for details).
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Changbai volcanism is caused by hot andwet upwelling flow in the BMWdriven by the deep slab subduction
and slab dehydration (Lei & Zhao, 2005; Zhao et al., 2004, 2007, 2009). In contrast, some researchers sug-
gested that the magma under Changbai originates from the uppermost lower mantle (Liu et al., 2015;
Tang et al., 2014). Although the two hypotheses have different views on the origin of magmatism, they have
a common aspect that the Changbai volcano was caused by the deep subduction of the Pacific plate.
Recently, M. Zhang et al. (2018) made a detailed and comprehensive review about this important issue,
and they support the BMW model.
Studying seismic velocity structure of the crust and uppermost mantle, as well as the geometry of the Moho
discontinuity beneath a volcano, is very important for understanding processes of magmatic intrusion, sto-
rage, and eruption. Since 1990s, the crustal and uppermost mantle structure under Changbai has been inves-
tigated using various geophysical approaches (e.g., Choi et al., 2013; Duan et al., 2005; Hetland et al., 2004;
Kim et al., 2017; Ri et al., 2016; Song et al., 2007; Tang, 1998; Tang et al., 2001; Wang & Chen, 2017; Zhang
et al., 2002). Magnetotelluric soundings detected a high‐conductivity layer in the crust under the Tianchi
summit of the Changbai volcano, which was interpreted as evidence for the presence of a magma chamber
(Tang, 1998; Tang et al., 2001). An active‐source seismic experiment revealed a low‐V anomaly with a
reverse‐triangle shape below the Changbai volcano, and the anomaly consists of four parts from 10‐km
depth to the bottom of the crust, suggesting that a magma chamber exists under the Tianchi summit
(Zhang et al., 2002). However, a seismic reflection and refraction survey revealed a low‐V zone at depths
of 10–25 km, which is located ~60 km to the north of the Tianchi summit rather than directly below it
(Song et al., 2007). In addition, a teleseismic receiver‐function study suggested that low‐V anomalies exist
both below and to the north of the Tianchi summit (Hetland et al., 2004).
These inconsistent results are attributed to the complicated structure of the volcano and different model
resolutions due to the different data sets used in the previous studies. Hence, better constraints on the struc-
ture of the crust and upper mantle beneath the Changbai volcano are necessary. A method of jointly invert-
ing teleseismic receiver functions and surface‐wave dispersions from ambient noise has been widely used for
investigating volcanic areas. For example, Ward et al. (2014) detected a prominent low‐V zone below the
Altiplano‐Puna Volcanic Complex in the central Andes. The joint inversion approach can provide more
complementary and reliable constraints on the S wave velocity (Vs) structure of the crust and upper mantle,
but it has not been fully used for the Changbai volcanic area. Guo et al. (2015) applied this approach to study
the 3‐D Vs structure beneath NE China, but their model has no resolution under the Changbai volcano,
because the portable seismic network they used did not cover this volcano.
To clarify the detailed 3‐D structure and magmatic system of the Changbai volcano, in this work we use
high‐quality waveform data recorded by a dense network of seismic stations deployed in and around the
Changbai volcanic area. We installed 27 portable broadband stations around the volcano from 2007 to
2014, which recorded abundant local and teleseismic events. Parts of the data were used in a previous study
to investigate the MTZ structure at 410‐ to 660‐km depths beneath the Changbai volcano (Tian et al., 2016).
In this work, we have also collected many waveform data recorded at permanent seismic stations of the
China Earthquake Administration (CEA; Zheng et al., 2009) and the NECESSArray portable stations (Tao
et al., 2014), which are/were located near the Changbai volcano. We have analyzed these waveform data
using a new method of joint inversion of receiver functions and ambient‐noise dispersions. Our present
results shed new light on the fine 3‐D Vs structure of the crust and upper mantle and the magmatic system
of the Changbai volcano.
2. Data and Methods
2.1. Receiver Functions
We used a total of 78 broadband seismic stations for our receiver‐function analysis, including 27 Jilin
University (JLU) stations, 39 CEA permanent stations, and 12 NECESSArray portable stations (Figure 1a).
The 27 JLU stations were operated in two periods: 16 stations were deployed from 2007 to 2010, and 11
JLU stations were mainly operated from 2012 to 2014. The seismograms at the CEA and NECESSArray sta-
tions were recorded during 2009–2015 and 2009–2011, respectively. Our JLU stations had a dense distribu-
tion around the Changbai volcano, whereas the other stations cover a broader area in NE China (Figure 1).
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The receiver‐function analysis depends on orientations of two horizontal‐component seismometers. A pre-
vious study of P wave particle motions found a misorientation problem for some CEA stations after analyz-
ing teleseismic events recorded during 2007–2008 (Niu & Li, 2011), which may affect receiver‐function
results from the CEA data. The problematic stations have been corrected by the end of 2014 by the CEA staff.
However, the CEA seismograms recorded during 2009 to 2015 are used in this study. Hence, it is necessary to
make corrections to the misoriented stations before they are used in the receiver‐function analysis.
In this work, we have estimated the component azimuths using a two‐step method that requires P phases of
the radial (R) and tangential (T) receiver functions. Because the receiver functions are extracted from the
horizontal (R, T) and vertical (Z) component seismograms and the P‐phase delay time can be defined before
deconvolution, it is easy to obtain the Pwave amplitudes or energy in the radial and tangential receiver func-
tions. In addition, a single receiver function is only related to a short‐time window of a teleseismic seismo-
gram. Thus, many teleseismic recordings enable us to reveal variations of the component azimuth during a
temporal period.
With the two‐step method, the horizontal‐component seismograms are divided into groups in the first step.
We assume that the horizontal components of all events have the same misoriented angles as those revealed
by Niu and Li (2011). The radial component is then determined using the back‐azimuth and its misoriented
angle (Figure 2a). The P‐phase maximum amplitude from the radial receiver function is assumed to be A.
Another radial receiver function is calculated in the same way but without the misoriented angle, and its
maximum P‐phase amplitude is assumed to be B. By defining R = A/|B|, the R values are chronologically
listed to estimate variations of the misoriented angles (Figure 2b). In the second step, each group of seismo-
grams is separately analyzed using the P‐phase energy of the tangential receiver functions. In this study, the
misoriented angle is set in a range of −90° to +90° with an increment of 2°. When the summed P wave
energy of tangential receiver functions reaches its minimum value, the corresponding angle is considered
to be the misoriented angle of that group.
Figure 2. An example of correcting the misorientation for a China Earthquake Administration station (JL.PST). (a) A
schematic diagram showing the misoriented angle Ψ between the orientation of the N‐S horizontal‐component seism-
ometer (BHN, the blue dashed line) and the north direction. The back‐azimuth and tangential direction at the station (the
red triangle) are marked as Baz and T, respectively. BHE, the orientation of the E‐W horizontal‐component seismometer
(BHE, the blue dashed line). (b) Temporal variations of the P‐phase amplitude ratio of each receiver function during
2009 to 2015. The red, green, and blue dots denote the P‐phase amplitude ratios in three periods separated by the green and
blue vertical lines which approximated correspond to the dates (year and Julian day) of 2010.175 and 2013.093. (c) In the
three periods shown in (b), the misoriented angle in each period is determined by minimizing the summed energy of P
phases in the tangential receiver functions.
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Figure 2 shows an example of the two‐step analysis for the CEA station JL.PST. Niu and Li (2011) found that
this station had a misorientation of Ψ = 25°, and polarities of the BHN and BHE components are reversed.
We calculated two sets of radial receiver functions with a misoriented angle of 25° and 0°. After plotting the
temporal variations of the R value, we could identify three different groups (Figure 2b), which are separated
at ~2010.175 (YYYY.JDAY) and 2013.093. Before 2013.093, the R value is negative, indicating reversed pola-
rities of the BHN and BHE components. We analyzed the summed P‐phase energy of the tangential receiver
functions and estimated the misoriented angles to be 22°,−10°, and− 2° in the three groups (Figure 2c). The
misoriented angle (22°) in the period of 2009 to 2010.175 is close to the result of Niu and Li (2011). We have
adopted the two‐step method to investigate all the CEA stations used in this study and made corrections to
all the seismograms that had misoriented angles >8°, following Niu and Li (2011).
We used seismograms of teleseismic events (M > 5.5) with epicentral distances of 30° to 90° recorded at our
JLU stations and the CEA stations. Three‐component raw seismograms are filtered using a Butterworth
band‐pass filter of 0.03–2 Hz. Then receiver functions are computed in the time domain using an iterative
deconvolution technique with a Gaussian factor of 2 (Ligorría & Ammon, 1999). The procedure of our pro-
cessing the NECESSArray data is described in detail by H. Zhu et al. (2017). We manually selected all the
available receiver functions that contain clear converted Ps and crustal multiple phases from the Moho
(PpPs and PpSs+PsPs). Over 12,000 receiver functions are finally used in this study.
We apply the H‐κ stacking method (Zhu & Kanamori, 2000) to estimate the crustal thickness and average
Vp/Vs ratio in the crust beneath each station and take these values as a priori information in the following
joint inversion. In the H‐κ stacking analysis, the crustal thickness is changed from 20 to 50 kmwith an inter-
val of 0.1 km, and the Vp/Vs ratio is set in a range of 1.5 to 1.9 with an interval of 0.01. According to the result
of deep seismic soundings (Zhang et al., 2002), the mean crustal Vp is set to be 6.1 km/s. The weight assigned
to Ps, PpPs, and PpSs+PsPs phases is 0.7, 0.1, and 0.2, respectively. Figure 3 shows examples of the receiver‐
function analysis at three JLU stations (CBN04, CBN06, and CBN08) and their H‐κ stacking results. The sta-
tion CBN06 is located near the Tianchi summit, whereas stations CBN04 and CBN08 are located to the
northeast and southwest of the Tianchi summit, respectively (Figure 1a).
The receiver functions need some further processing before they are used in the joint inversion. First, a four‐
bin move‐out method is applied to correct the receiver functions for a certain ray parameter of 0.06 s/km
(Chen & Niu, 2013). This method is effective for correcting the time difference of the converted and reverb-
erated phases recorded at various distances by stretching or contracting each bin. We then stack the receiver
functions at each station to suppress noisy signals of the records and estimate the standard deviation at each
point. In addition, a time window of−2 to +21 s relative to the first Pwave is chosen to cut the receiver func-
tions, and we also decimate the receiver functions with a sampling rate of 10 Hz.
2.2. Ambient‐Noise Tomography
To compute interstation correlation functions, we collected continuous vertical‐component seismograms
recorded at some of the stations. A total of 74 stations is used in the ambient‐noise analysis, which are shown
as triangles in Figure 1b.We adopt a data processingmethod similar to that described by Bensen et al. (2007).
The instrument response is first removed from the continuous vertical‐component records, and then the
records are decimated with a sampling rate of 1 Hz. After the records are merged in a daily length, they
are demeaned and detrended. Moreover, all the records are filtered in a period range of 4–100 s. A run‐abso-
lute‐mean method in temporal normalization is applied to remove the influence of earthquake signals, and
spectral normalization is also adopted to balance the spectral components and broaden the bandwidth of the
ambient noise (Bensen et al., 2007; Guo et al., 2015). The noise correlation functions (NCFs) are computed in
the frequency domain. We then stack simultaneously the NCFs for every station pairs. Figure 4 shows exam-
ples of the NCFs at stations DNG04, DNG06, and DNG08.
Because of the nonuniform distribution of noise sources, positive and negative lags of NCFs are also stacked
to improve the signal‐to‐noise ratio before measuring the Rayleigh‐wave fundamental group‐velocity disper-
sions in a period range of 5–40 s using a modified version of the interactive procedure (Yao et al., 2006). The
dispersion curves are first selected with the following criteria. (1) The signal‐to‐noise ratio, which is defined
as the ratio of the maximum in the signal window to the root mean square in the noise window, is greater
than 5. (2) The interstation distance, which is used for determining the upper limit of period in the
10.1029/2018JB016600Journal of Geophysical Research: Solid Earth
ZHU ET AL. 4988
dispersion curve, is greater than the double wavelength. (3) For a single period to all dispersion curves, we
only keep the velocity values within two times of the standard deviation. To obtain a reliable result of
ambient noise tomography, we manually selected the dispersion curves and removed some suspicious
ones. Previous studies found a strong noise source in Kyushu (Zeng & Ni, 2010; Zheng et al., 2011), which
may contaminate the ambient noise results (Guo et al., 2015; Shen et al., 2016). A small number of our
NCF results show obvious signal from the Kyushu source. For the dispersions computed from those
NCFs, we have discarded those measurements in the periods possibly influenced by the Kyushu noise but
Figure 3. (a, c, e) Receiver functions measured at stations CBN04, CBN06, and CBN08. (b, d, f) H‐κ stacking results at the
three stations.
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keep the measurements in other periods. As a result, 1,573 dispersion curves are obtained, and they are used
to conduct ambient‐noise tomography. The number of ray paths at each period is shown in Figure 7i.
In this study, an iterative nonlinear inversion method based on the subspace technique (Kennett et al., 1988;
Rawlinson & Sambridge, 2005) is adopted to map lateral variations of the Rayleigh‐wave group velocity in
the study region. The travel time at each site is estimated using the fast‐marching method (Rawlinson &
Sambridge, 2004). The interval of the inversion grid is set to be 0.5° × 0.5°, and the checkerboard recovery
test is performed to estimate the resolution. We adopt a 1° × 1° checkerboard model with ±0.2‐km/s velocity
perturbations relative to an average group velocity of 3 km/s and add Gaussian random noise with a stan-
dard deviation of 0.5 s to the synthetic data calculated for the checkerboard model (Kim et al., 2017).
2.3. Joint Inversion
A 3‐D Vs model beneath the study region is constructed by combining the individual 1‐D velocity measure-
ments. From the ambient‐noise tomography, we finally selected ~140 sites of dispersion curves with a grid
size of 0.5° × 0.5°, but receiver functions at only 78 seismic stations are available in our study region.
Hence, the receiver functions are grouped with the dispersion curves at their closest sites. Then the two data
sets are jointly inverted at the locations of receiver functions, whereas the rest of ambient‐noise dispersion
curves are inverted separately. The receiver functions are primarily sensitive to Vs contrasts and sharp dis-
continuities but have a poor constraint on the absolute Vs. In contrast, the ambient‐noise dispersion is sen-
sitive to the absolute average Vs but cannot reveal sharp Vs interfaces. Hence, a joint inversion of the two
data sets can provide constraints on both the absolute crustal Vs and the Moho discontinuity (Bodin et al.,
2012; Julià et al., 2000). Several techniques have been developed to perform a joint inversion of receiver func-
tions and ambient‐noise or surface‐wave dispersions, for example, the linear damped least‐squares method
Figure 4. Cross‐correlation record sections at stations (a) DNG04, (b) DNG06, and (c) DNG08. The red and purple dashed
lines denote an apparent velocity of 4 and 2 km/s, respectively.
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(Julià et al., 2000) and nonlinear inversion methods such as the niching genetic algorithm (Lawrence &
Wiens, 2004), the neighborhood algorithm (Li et al., 2017), and the trans‐dimensional Bayesian algorithm
(Bodin et al., 2012; Shen et al., 2013). In this study, we use the hierarchical trans‐dimensional Bayesian
method (Bodin et al., 2012; Kim et al., 2017) to invert for a 3‐D Vs model beneath the study region.
The hierarchical trans‐dimensional Bayesian method treats the number of layers in the velocity model as an
unknown parameter that is updated in the inversion process. This is the major difference from the other
methods. Just like any other Bayesian algorithms, Bayes' (1763) equation is used to estimate the posterior
probability density (PPD) function from the prior information of the model and the observed data:
p mjdobsð Þ∝p dobsjmð Þp mð Þ; (1)
where m and dobs represent the model vector and data vector, respectively, p(m| dobs) is the PPD function,
p(dobs|m) is the likelihood function, and p(m) is the prior probability density of the model. In this study,
the likelihood function is defined as




2πð ÞNi Cij j




where the subscript i indexes the type of the input data (receiver functions or ambient‐noise group‐velocity
dispersion curves in this work), Ni is the number of data points of each data type, Ci is the covariance matrix
with a size of Ni × Ni, and gi(m) represents synthetic data.
In the hierarchical Bayesian scheme, the Vs model is parameterized using the 1‐D Voronoi‐cell method at
each site (Bodin et al., 2012; Kim et al., 2017). The number of layers, the depth of cells, and the standard
deviation of ambient noise data are also taken as unknown parameters. In this study, the maximum depth
of our model is set to be 60 km. Furthermore, Vs and the number of layers vary in the range of 2–5 km/s
and 3–40, respectively. Following the procedure of Kim et al. (2017), we randomly generate a series of
interfaces between the minimum and maximum depths, after sorting them from shallow to deep areas.
The thickness of each layer is then computed from the depths of adjacent interfaces. Because the crustal
thickness and the average Vp/Vs ratio are estimated from the H‐κ stacking analysis, the Vp/Vs ratio of
each layer is set to be the same as the crustal average Vp/Vs ratio obtained by the H‐κ stacking when
the layer is located above the Moho discontinuity. Following the previous studies of this region (Duan
et al., 2005; Hetland et al., 2004), the Vp/Vs ratio below the Moho is fixed to be 1.8. The density of each
layer is computed using its empirical relationship with Vp and Vs (Brocher, 2005). After randomly initi-
alizing the model parameters, a new Vs model is estimated from the starting model with one of following
options: (1) selecting one cell and resetting its Vs value (p = 1/3); (2) perturbing the depth of a selected
interface (p = 1/6); (3) removing an existing layer or adding a new layer (p = 1/3); and (4) changing the
standard deviation of the ambient noise (p = 1/6).
As a nonlinear inversion approach, the trans‐dimensional Bayesian method needs a mass of forward mod-
eling. A parallel tempering algorithm is adopted to enhance the computational efficiency (Kim et al.,
2017; Sambridge, 2014), including 32 Markov chains in inversion. For each Markov chain, 50,000 posterior
models are collected for statistical analysis after a “burn‐in” period of the first 100,000 samples. In this study,
the average of the posterior models from the nontempered chains is treated as the final inversion result. In
addition, the standard deviation and PPD of the model can also be estimated. Figure 5 shows an example of
the inversion result at station CBN06. The Vs profile beneath the Tianchi summit (Figure 5b) clearly shows




As a priori condition of the joint inversion, the crustal thickness and Vp/Vs ratio are very important. In
this work, the two parameters are determined by interpolation of the results at 78 stations, which exhibit
strong lateral variations in the study region (Figure 6). The crustal thickness varies from ~27 to ~41 km
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with an average of ~31 km. The thickest crust exists under station JL.CBS near the Tianchi summit
(Figure 6a). In the western part of the study region, the crust beneath the Songliao Basin is thinner
than that under the surrounding areas. In contrast, under the Changbai and Jingpohu volcanoes, a
quite thick crust (~41 km) is revealed. However, the crust is not thick (~31 km) under the Longgang
volcano. Our results of the crustal thickness are generally consistent with those of the previous studies
(Tao et al., 2014; Zhang et al., 2013).
The crustal Vp/Vs ratio shows a similar pattern as that of the crustal thickness, varying from 1.66 to 1.85 with
an average of ~1.74 (Figure 6b). At the stations located around the Changbai volcano, the Vp/Vs ratio
reaches 1.8, corresponding to a thick crust of up to 40 km. This result is discussed in detail in section 4.
3.2. Rayleigh‐Wave Group Velocity
We mapped the Rayleigh‐wave group velocity at periods of 5 to 40 s with an interval of 1 s, and the
results at some periods are shown in Figures 7 g–7 k. Figure 7 l shows a statistical result of the ray paths
at each period, which approximately exhibits a Gaussian distribution, and the maximum number of ray
paths appears at a period of 15 s. Figures 7a–7e show the results of checkerboard recovery tests at periods
of 5, 12, 20, 27, and 36 s. Figure 8 shows the corresponding ray paths and travel‐time residuals, indicating
that the input anomalies are generally well recovered at these periods and so the obtained tomographic
results are reliable. At short periods of 5 and 12 s, the group velocities are predominantly sensitive to
the upper crustal Vs structure (Figures 7 g and 7 h), and the Songliao Basin exhibits an obvious low‐V
anomaly which reflects a thick sedimentary layer there. A prominent low‐V anomaly is visible in and
around the Changbai volcano. Our images at periods of 5 and 12 s are similar to the results of recent
ambient‐noise studies (Kim et al., 2017; Shen et al., 2016). At longer periods of 20, 27, and 36 s, the group
velocity images (Figures 7i–7 k) mainly reflect the Vs structure of the lower crust and the uppermost
mantle, where the low‐V anomaly is still visible under the Changbai volcano. A clear N‐S‐oriented low‐
V anomaly appears to the west of the Jingpohu volcano at a period of 20 s, which is not clear in the group
Figure 5. The trans‐dimensional Bayesian inversion result at station CBN06 that is located near the Tianchi summit of the
Changbai volcano (Figure 1a). (a) PPD of the layer interface depths. (b) PPD of S wave velocity (Vs) as a function of depth.
The solid and dashed black lines denote the mean Vs (the final inversion result) and its ±1 standard deviation. (c) PPD of the
number of layers in the Vs model. (d) PPD of the ambient‐noise Rayleigh‐wave group‐velocity dispersion. The triangles
denote themeasured group velocities at different periods. (e) PPDof the receiver function at the station. The black linedenotes
the input receiver function at the station. LVZ = low‐velocity zone; PPD = posterior probability distributions.
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velocity result of Shen et al. (2016). Unlike the images at the short per-
iods, the images at the long periods become complex under the Songliao
Basin, and the low‐V area has a negative correlation with the increasing
period, and the basin is surrounded by a belt of high‐V anomalies. In
the northeastern part of the study region, a distinct low‐V anomaly
exists in the northeast of the Jingpohu volcano in the lower crust or
the uppermost mantle. This anomaly is also visible in the Rayleigh‐wave
phase‐velocity tomography (Wang & Chen, 2017).
3.3. S Wave Velocity Structure
A 3‐D Vs model is constructed by interpolating the 1‐D profiles obtained
by a joint inversion of receiver functions and ambient‐noise Rayleigh‐
wave group velocity dispersions. Figure 9 shows map views of the 3‐D
Vs model at nine depths from 6 to 54 km, and Figure 10 shows its cor-
responding standard deviations. In the upper and middle crusts (6‐ and
10‐km depths), the Songliao Basin shows up as a large low‐V anomaly
reflecting the thick sedimentary layer there (Figures 9a and 9b), and a
low‐V zone appears beneath the Jingpohu volcanic area. At depths of
10 and 14 km (Figures 9b and 9c), a prominent low‐V zone is visible
under the Changbai volcano. However, this low‐V anomaly is not
obvious at 6‐km depth under Changbai (Figure 9a), suggesting that a
magma chamber exists mainly in the midcrust at depths greater than
10 km. In the middle and lower crusts, the Vs image looks complex
(Figures 9d–9f). A relatively high‐V anomaly is revealed at depths of
18–30 km beneath Changbai (Figures 9d–9f). A prominent low‐V zone
is visible to the northeast of the Jingpohu volcano, and a large low‐V
anomaly appears to the south of the Longgang volcano in the middle to
lower crust (Figures 9d–9f). At the bottom of the crust and the uppermost
mantle, prominent low‐V anomalies exist under the Changbai and
Jingpohu volcanoes at 38‐ and 54‐km depths, respectively (Figures 9 g–9i).
At 46‐km depth below the Changbai volcano (Figure 9 h), however,
our images show a high‐V anomaly. These results are generally consis-
tent with those of recent ambient‐noise studies (Kim et al., 2017; Wang
& Chen, 2017).
Figure 11 shows three vertical cross sections of the Vs tomography, which
pass through the Changbai, Longgang, and Jingpohu volcanoes. The
Moho discontinuity obtained from the receiver‐function H‐κ stacking is
shown with a black dashed line in Figure 11, which is roughly coincident
with the 3.9‐km/s Vs contour line in the cross sections. Under the
Changbai volcano, a prominent low‐V anomaly with a Vs of ~3.1 km/s
is visible at depths of 8–15 km (Figures 11a and 11b). Moreover, a thick
crust (~40 km) exists beneath the Changbai volcano (Figures 11a and
11b), which is similar to the previous results of receiver functions and
ambient‐noise tomography (Duan et al., 2005; Hetland et al., 2004; Kim
et al., 2017; Ri et al., 2016; Song et al., 2007; Wang & Chen, 2017; Zhang
et al., 2002). In addition, a relatively low‐V anomaly appears below the
Moho under Changbai, and the anomaly seems to extend to a greater
depth (Figures 11a and 11b). Under the Jingpohu volcano, the Moho is
slightly deeper (~35 km), and a low‐V zone exists in the middle crust
(Figure 11c). Unlike the Changbai and Jingpohu volcanoes, the Longgang volcano is underlain by a thinner
crust (~31 km; Figures 11b and 11c), suggesting that Longgang has a crustal structure different from those
under the other two volcanoes.
Figure 6. Distribution of (a) the crustal thickness and (b) average crustal
Vp/Vs ratio in the study region, which are shown in both colors and con-
tour lines. The black triangles denote locations of the 78 seismic stations
used in this study. The red triangles denote three active volcanoes as shown
in Figure 1. The color scale is shown at the upper‐left corner of each map.
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4. Discussion
Our 3‐D Vs tomography reveals three remarkable features: (1) a low‐V body in the midcrust under the
Changbai volcano; (2) a deep Moho (~40 km) directly below the Changbai volcano; and (3) a relatively
low‐V volume in the uppermost mantle, which is located below the thick crust under the Changbai
Figure 7. (a–e) Results of the checkerboard recovery tests at periods of 5, 12, 20, 27, and 36 s. The scale for the
group‐velocity perturbations is shown on the right. (f) The input checkerboard model and the seismic stations used in this
study (white triangles); the red dashed line shows the resolved area. (g–k) Maps of group‐velocity perturbations at periods
of 5, 12, 20, 27, and 36 s relative to the average velocity at each period shown at the upper‐left corner of each map. The
scale of the group velocity perturbations is shown on the right. The gray dashed line denotes the boundary of the Songliao
Basin. The black triangles denote the three volcanoes. (l) A histogram showing the number of ray paths at each period.
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volcano. Here a thick crust means that the Moho depth is greater than 40 km. In the following, we compare
the present findings with the previous results and discuss their magmatic and geodynamic implications.
4.1. Low‐V Zone in the Midcrust
Several previous studies have revealed a pronounced low‐V zone in the middle or lower crust beneath or
close to the Changbai volcano, which has a Vp < 6 km/s and a Vs < 3 km/s (Hetland et al., 2004; Kim et al.,
2017; Song et al., 2007; Zhang et al., 2002). The seismic explosion study of X. Zhang et al. (2002) detected a
low‐Vp body in the midcrust with a lateral extent of ~100 km in the N‐S direction. Their result is supported
Figure 8. (a–e)Maps showing the distribution of ray paths at each period shown in Figure 7. (f–g) Histograms showing the
number of travel‐time residuals at each period.
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by the Magnetotelluric (MT) soundings (Tang, 1998; Tang et al., 2001; Qiu et al., 2014) which revealed a low‐
resistivity body below the Tianchi summit. A 2‐D Poisson's ratio profile (Liu et al., 2004) and a 3‐D density
model (Choi et al., 2013) also support the result of X. Zhang et al. (2002), suggesting that the low‐V body also
exhibits a high Poisson's ratio and a low density. A previous receiver‐function result shows that a low‐V body
exists at depths of 10–20 km, and it has a Vs < 3 km/s (Hetland et al., 2004). A recent receiver‐function
observation at the North Korea side of the Changbai volcano reveals a similar feature (Ri et al., 2016).
Recent ambient‐noise studies also found a large‐scale low‐V zone beneath the Changbai volcano (Kim
et al., 2017; Wang & Chen, 2017).
A similar low‐V body is visible beneath the Changbai volcano in our Vs tomography (Figures 11a and 11b),
which is located at depths of 8–15 km, and extends ~100 km in the N‐S and E‐Wdirections. The location and
geometry of the low‐V zone in our result are generally consistent with those imaged by X. Zhang et al. (2002)
who found the low‐V zone at depths of 9–15 km with its N‐S extent of ~100 km. However, in the lower crust,
there is no low‐V zone in our Vs tomography, which is consistent with the ambient‐noise observation (Wang
& Chen, 2017) but different from the result of X. Zhang et al. (2002).
The cause of the low‐V zone beneath the Changbai volcano was controversial in the previous studies.
Although the MT profile and the gravity study showed that the low‐V zone has characteristics of low
Figure 9. (a–i) Map views of the obtained 3‐D S wave velocity (Vs) model. The layer depth is shown at the lower‐right
corner of each map. The Vs scales are shown on the right. The three solid lines in (a) denote locations of the vertical
cross sections shown in Figure 11.
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resistivity and low density, its Poisson's ratio (or Vp/Vs ratio) was uncertain in the previous results of seismic
refraction/reflection and receiver‐function studies. Some researchers suggested that the low‐V zone exhibits
a high Poisson's ratio (Liu et al., 2004; Ri et al., 2016), whereas other researchers showed that the low‐V zone
has a low Poisson's ratio (Hetland et al., 2004; Song et al., 2007). If this low‐V zone has a high Poisson's ratio,
it may indicate the presence of partial melt or high temperature in the crust (e.g., Mavko, 1980). In contrast,
if its Poisson's ratio is lower, it may reflect compositional variations (e.g., Behn & Kelemen, 2003;
Christensen, 1996; Kim et al., 2017; Song et al., 2007). Our receiver‐function stacking result shows a high
Vp/Vs ratio (~1.80) in the crust beneath the Changbai volcano, much higher than the average value of
1.74 (Figure 6b). Hence, we deem that the low‐V zone in the midcrust beneath the volcano may indicate
the presence of partial melt. However, the H‐κ stacking of receiver functions only reveals the average
Vp/Vs ratio in the crust. A high‐resolution study of the Vp/Vs ratio in the midcrust is needed to resolve
this issue.
4.2. Thick Crust Under the Changbai Volcano
Both the receiver‐function stacking and joint inversion results show a 5‐ to 10‐km depressedMoho under the
Changbai volcano (Figures 6a, 11a, and 11b). Previous studies with different approaches have also revealed a
Figure 10. The same as Figure 9 but showing the distribution of one standard deviation of Vs at each depth.
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thick crust in this area (e.g., Choi et al., 2013; Hetland et al., 2004; Kim et al., 2017; Liu et al., 2004; Ri et al.,
2016; Song et al., 2007; Tang, 1998; Tang et al., 2001; Wang & Chen, 2017; Wu et al., 2009; Zhang et al., 2002).
These previous studies focused on the low‐V zone beneath Changbai but did not discuss much on the
depressed Moho there. Recently, Kim et al. (2017) proposed a model of double layering of the middle‐to‐
lower crustal magmatic system, based on their Vs model and previous Vp models (Song et al., 2007;
Zhang et al., 2002), to interpret the deeper Moho under the Changbai volcano. They suggested that two
low‐V layers exist in the middle‐to‐lower crust: The upper one has a low Poisson's ratio due to its highly
felsic composition, whereas the lower layer has a high Poisson's ratio which may be related to hot mafic
Figure 11. Vertical cross sections of S wave velocity (Vs) tomography along the three profiles shown in Figure 9a. The
black solid lines denote the Vs contour lines. The black dashed line denotes the Moho discontinuity estimated from the
receiver‐function stacking.
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intrusion. The mafic intrusion body stays at the bottom of the original crust and so forming a thick crust
there (Kim et al., 2017).
To date, hot mafic intrusion from the uppermost mantle has been commonly adopted to interpret crustal
thickening in volcanic areas. In addition to the Changbai volcano, some other active volcanoes like those
in Iceland also have a thick crust (e.g., Allen et al., 2002; Li & Detrick, 2005). It is considered that the thick
crust under the Iceland volcanoes is caused by an area of enhanced melt production at the plume head from
the upper mantle, and then the melt material is transported into the crust (Green et al., 2017; Rickers et al.,
2013; Wolfe et al., 1997). As mentioned above, the Changbai volcanism is considered to be caused by hot
upwelling flow in the BMW above the stagnant Pacific slab in the MTZ (Zhao et al., 2004, 2009; Zhao &
Tian, 2013). We deem that the thick crust under Changbai is related to the mafic intrusion ascending from
the BMW. Christensen (1996) showed that the continental crust with mafic intrusion has a high Vp/Vs ratio
and a Vs of ~3.9 km/s, which can explain our Vs and Vp/Vs results in the Changbai volcanic area
(Figures 11a and 11b). The Jingpohu volcano also has a depressed Moho (Figures 11a and 11c), and so we
speculate that its cause is similar to that of the Changbai volcano.
4.3. Magmatic System of the Changbai Volcano
Love‐wave inversion results show a notable low‐V zone at the bottom of the crust and the uppermost mantle
beneath the Changbai volcano (Fu et al., 2016), suggesting the existence of a channel for magma migration
beneath the volcano. The magmatic channel in the upper mantle beneath Changbai is not obvious in the
previous ambient‐noise results (Kim et al., 2017; Wang & Chen, 2017). However, a low‐V zone with a Vs
of ~4 km/s is visible in the uppermost mantle under Changbai in the present results (Figures 11a and
11b). This value is approximately equal to the Vs of asthenospheric material estimated by Kim et al.
(2017). This low‐V volume is located below the deep Moho and extends to the bottom of our model (60‐
km depth). Geochemical and petrologic studies (Tian & Tang, 1989; Xie et al., 1988) suggested that the sur-
face petrosilex at the Tianchi summit may derive from the upper mantle, and in the process of upwelling,
part of magma stored in the crust, then experienced crystallization and differentiation, and eventually
erupted to the surface.We cautiously speculate that this low‐V volumemay reflect a magma upwelling chan-
nel beneath the Changbai volcano, and hot material from the asthenosphere ascends through this channel
and finally enters into the crust.
Figure 12. A cartoon showing main features of the crustal and upper mantle structure beneath the Changbai volcano,
emphasizing the possible relationship between the crustal heterogeneities and mantle upwelling. The dashed line
denotes the Moho discontinuity from the receiver‐function stacking, and the red arrows indicate the ascent of magma
beneath the volcano.
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Integrating the current and previous results, we present a cartoon to show the main features of the crustal
structure and magmatic system of the Changbai volcano (Figure 12). A large magma chamber exists in
the midcrust, which ascended from the upper mantle. High mafic material upwelled to the crust–mantle
boundary and then stayed at the bottom of the crust, leading to a 5‐ to 10‐km depressed Moho below the
Changbai volcano. Part of the hot material continues to arise to the middle crust and stays there as a magma
chamber. A relatively high velocity in the lower crust beneath Changbai may reflect cooled intrusive mate-
rial. The low‐V volume in the uppermost mantle indicates a magma upwelling channel that continuously
supplies magma feeding the intraplate volcano.
5. Conclusions
In this study, we use abundant three‐component seismograms to study the crust and upper mantle structure
beneath the Changbai volcano and adjacent areas. A high‐resolution 3‐D Vs model at depths of 0–60 km is
obtained by conducting a trans‐dimensional Bayesian joint inversion of teleseismic receiver functions and
ambient‐noise Rayleigh‐wave group velocity dispersions. Lateral variations of the crustal thickness and
Vp/Vs ratio are revealed using a receiver‐function H‐κ stacking method. Main results of this work are sum-
marized as follows.
1. A thick (~40 km) crust and a high Vp/Vs ratio (~1.80) are revealed beneath the Changbai volcano.
2. A midcrustal low‐V zone exists beneath the Changbai volcano at depths of 8–15 km, and it extends
~100 km in the N‐S direction. This low‐V zone may reflect a magma chamber under the volcano.
3. The crust beneath the Changbai volcano is 5–10 km thicker than that under the surrounding areas,
which may be caused by mafic intrusion from the upper mantle.
4. A low‐V volume is revealed in the uppermost mantle under the Changbai volcano, which may reflect hot
and wet upwelling flow driven by the deep subduction of the Pacific slab.
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